Ca2" (for reviews, see references 8, 9, 30, and 31). Maximal expression and secretion occur at 37°C in a medium devoid of Ca2". The addition of Ca2' at 37°C repressesyop transcription via a transcriptional repressor. LcrH has been suggested to be this repressor, since lcrH mutants show derepressed Yop expression in the presence of Ca2+ (2, 20) . The surface-located YopN protein has been placed at the top of the Ca2+-controlled regulatory hierarchy, and it has been suggested that YopN senses the Ca2+ concentration and transmits a signal accordingly (10) . VirF (LcrF), which belongs to the AraC family of transcriptional regulators, activates yop transcription in response to a temperature shift from 26°C to 37°C as a consequence of its own upregulation (6) . Thus, two different control loops are involved in yop gene regulation: one positive loop that responds to temperature and one negative loop that is regulated by the extracellular concentration of Ca2+ (for reviews, see references 8, 9, and 30).
The Yops are secreted to the culture medium in vitro by a specific plasmid-encoded secretion system (for reviews, see references 8 and 30) . The proteins involved in the transport of Yops show high sequence similarity with the spa, mxi, and inv gene products which are involved in the surface presentation of virulence determinants of Shigella flexneri and Salmonella typhimurium (1) . The export of Yops to the culture supernatant is coordinately regulated with their expression, and the Yops are only found to be secreted at 37°C in a medium lacking Ca2+ (for reviews, see references 8, 9, and 30). The transport of Yops does not include posttranslational processing. However, it has been shown that the first 48 N-terminal amino acids of YopH are sufficient to allow secretion, suggesting that the secretion signal resides within the N-terminal part of the Yop proteins (17, 18) .
Under in vivo conditions, intimate contact between the pathogen and the target cell is imperative for Yop expression (24) . This interaction induces a signal, presumably via the YopN protein, which results in elevated Yop expression followed by a specific translocation of the YopE cytotoxin into the target cell. This transfer occurs only at the zone of contact between the bacterium and the target cell (25) .
At least four of the Yops, YopH, YopE, YopM, and YpkA, are essential virulence determinants (5, 11, 12, 16) . It has been shown that yopH and yopE mutants are affected in their ability to cause disease and that YopH and YopE are important for the pathogen to prevent phagocytosis by macrophages (23, 24) . The YopM protein may be involved in the prevention of platelet aggregation and clot formation since YopM can interact with thrombin and inhibit platelet aggregation in vitro (21) . The 82-kDa YpkA protein exhibits a Ser/Thr kinase activity, which is required for the virulence of Y pseudotuberculosis (12) . Interestingly, three of the Yersinia virulence determinants exhibit homology to proteins of eukaryotic origin. YopH has a protein tyrosine phosphatase activity and is, so far, the only prokaryotic protein described that possesses such an activity (14) . YopM shows similarity with the thrombin binding domain of the platelet receptor GPIboL (16) . YpkA was shown to contain sequence motifs that are commonly found in eukaryotic Ser/Thr kinases (12) .
In this study, we have characterized the ypkA-containing operon. We show that the operon harbors two genes, ypkA and the downstream yopJ gene. We also show that these genes are regulated analogously to those coding for other Yop proteins.
MATERLALS AND METHODS
Bacterial strains and growth conditions. Y pseudotuberculosis YPIII (13) carrying different plasmids, listed in Table 1 , was used. The Escherichia coli strains used were DH5a.
[480dlacZAM15 endAl recAl hsdRl7 (rK iK) thi-J gyrA96 relAI A(lacZYA-argF)U169] (Bethesda Research Laboratories) and S17-1 (thi pro hsdR mutant hsdM+ recA RP4-2.TC:: Mu-Km::Tn7) (27) Construction of mutants. The polar mutant, YPIII(pIB41), was constructed as follows: a ClaI restriction fragment ( Fig. 1) was cloned into the suicide vector pNQ705, and the resulting plasmid was conjugated into YPIII(pIB102) from E. coli S17-1 as previously described (22) . Integration of the suicide vector into the virulence plasmid by a single recombinational event resulted in a polar insertion mutant, denoted YPIII(pIB41). The in-frame deletion mutant of yopJ, YPIII(pIB232), was constructed by allelic exchange by using the suicide vector pNQ705 carrying the BamHI-BstEII fragment of pIBl with an internal 453-bp deletion. The deletion was made by digestion of the cloned BamHI-BstEII fragment with BglII and HpaI followed by filling in cohesive ends with the Klenow fragment of DNA polymerase I. The generated blunt ends of the digested plasmid were religated. Transconjugants resistant to chloramphenicol (Cmlr) were selected for after mobilization of the construct to YPIII(pIB102) (19, 22) . Subsequently, bacteria in which the suicide plasmid had been excised were enriched for by penicillin enrichment as follows. The Cmlr transconjugants were grown overnight in Luria broth at 26°C without chloramphenicol and then diluted 20 times in 20 ml of Luria broth with 25 ,ug of chloramphenicol per ml. After 2 h of incubation at 26°C, 500 ,ug of carbenicillin per ml was added to the culture, and incubation was prolonged for 3 h. The cells were harvested and washed two times in Luria broth. The enrichment procedure was repeated two times. The bacteria were plated onto kanamycin (50 ,ug/ml)-containing plates. The colonies were screened for loss of Cmlr (i.e., excision of the suicide vector). PCR was used to screen the obtained double recombinants for the mutant allele present on the virulence plasmid. The resulting mutant strain was denoted YPIII (pIB232).
The in-frame deletion mutant in open reading frame 1 (ORFi), YPIII(pIB46), was obtained by the procedure described above with the EcoRV-SacI fragment with an internal deletion of 156 bp (Fig. 1) (11) . The RNA was isolated from bacteria grown at 37°C for 3 h in brain heart infusion medium depleted of Ca2 . In addition, total RNA from the wild-type strain was isolated after 3 h of incubation in Ca2+-containing brain heart infusion medium and after incu- phoresed through a 1.2% agarose gel under denaturing conditions, blotted onto Hybond N (Amersham) membranes, and hybridized to 32P-labeled DNA probes. The DNA probes used were a PCR-derived ypk4A-specific probe located upstream of the pIB44 deletion and yopJ-specific probe, which was a PCR-derived fragment located upstream of the pIB232 deletion (Fig. 1) . The double-stranded DNA probes were labeled with random hexanucleotide primers (Pharmacia AB) and
Virulence test. BALB/c mice were infected orally as described earlier (5) . Three mice were challenged with each strain with the same dose of bacteria (5 x 109 bacteria per ml of drinking water), and the mice were monitored for 14 days. The progress of infection after oral challenge was studied as follows. Ten mice were orally infected with each of the strains, and 2 mice were sacrificed daily in each case, starting from day 1 (24 h) after infection. The whole spleen and the Peyer's patches of the small intestine were removed from each mouse, and the numbers of bacteria in these organs were determined by plating of serial dilutions of the samples on kanamycin (50 p.g/ml)-containing Luria agar plates.
Nucleotide sequence accession number. The nucleotide sequence of the ypkA locus of Y pseudotuberculosis pIB1 has been submitted to the GenBank and EMBL data libraries. The ypkA gene sequence was assigned accession number X69439, and the rest of the operon was assigned accession number L33833.
RESULTS AND DISCUSSION
DNA sequence analysis. To characterize the ypkA-containing locus, the upstream and downstream regions of the ypkA gene were sequenced. A total sequence of 4 kb, including the ypk:A gene, was obtained. The sequence was found to overlap a previously presented sequence of the BamHI-PstI fragment of pIBl (15) downstream of the ypkA gene (Fig. 1) (29) .
In addition, a locus encoding for two proteins of about 80 kDa, presumably the YpkA analog, and 30 kDa has been mapped on the virulence plasmid of Y enterocolitica (7) . On the basis of these data and the results presented below, we concluded that the gene downstream of ypkA is yopJ.
The upstream ORF, capable of encoding a 15-kDa protein, was named ORF1 (Fig. 1) . The DNA sequence located upstream of ORF1 was found to be homologous to the promoter region of yop2O (yopQ) of Y enterocolitica (Fig. 2) (Fig. 1) . To investigate the possible role of YopJ, we constructed an in-frame deletion mutant of yopJ in which 453 bp has been removed. This mutant was denoted YPIII(pIB232).
All mutant strains showed the same Ca2+-dependent phenotype as the wild type, indicating that none of the three genes is involved in Ca2+ or temperature regulation in vitro.
The Yop proteins produced and secreted by the mutant and wild-type strains in Ca2+-deficient media at 37°C were analyzed by SDS-PAGE. The wild-type strain expressed the YpkA protein, migrating with an apparent molecular mass of 80 kDa. The two ypkA mutants, YPIII(pIB43) and YPIII(pIB44), expressed the expected truncated gene products of the mutated ypkA gene (Fig. 3) (12) . Further analysis of the protein profiles of these two mutants and the wild type showed that the insertion mutant in ypk,A, YPIII(pIB43), abolished the expression of the 30-kDa protein, whereas the expression of this protein was unaffected in the in-frame mutant YPIII(pIB44) (Fig. 3) . This observation implied that YpkA and the 30-kDa protein are encoded by the same transcriptional unit and that the 30-kDa protein is YopJ. This conclusion was strengthened by the finding that a 30-kDa protein was not observed in the in-frame deletion mutant of yopJ, YPIII(pIB232) (Fig. 3) . In the mutant YPIII(pIB41) (ORF1), production of both YpkA and YopJ was abolished (Fig. 3) (Fig. 4) . The specific ypkA probe hybridized with mRNA isolated from the wild-type strain, as well as mRNA isolated from YPIII(pIB43) (ypkA, yopJ), YPIII(pIB44) (ypk,A), and YPIII (pIB232) (yopJ). In contrast, total RNA isolated from the YPIII(pIB41) mutant gave the expected hybridization signal with only low-molecular-mass RNA fragments, which appeared to be due to the fact that the integration of the suicide vector in the YPIII(pIB41) mutant strain resulted in duplication of a region which was partially overlapped by the ypk,A probe. Thus, the ypk;A probe recognized the generated truncated transcript. When the same total RNA samples were analyzed with the specific yopJ probe, no hybridization was evident in the polar YPIII(pIB41) and YPIII(pIB43) mutants (Fig. 4) . The wild type and the nonpolar ypkA mutant YPIII (pIB44) gave essentially the same signal, while the hybridization signal obtained from the yopJ mutant YPIII(pIB232) was strong but different than that of the wild-type strain (Fig. 4) . This difference is explained by the features of the YPIII (pIB232) mutation (in-frame deletion within yopJ) and the probe used (Fig. 1) . These results showed that the three ORFs in the ypkA locus of pIBl are all contained within the same transcriptional unit and consequently constitute one operon. We could barely detect an mRNA species having the size of the expected 4.3-kb full-length transcript of the operon. Rather, the transcript was rapidly degraded, resulting in products of various sizes. This is in contrast to the transcript stability of the highly expressed yopE and yopH monocistronic operons (5, 11) , but it is usually observed when polycistronic operons are studied (2) .
The transcriptional start point of the ypkA operon was identified by primer extension analysis (26) . The transcription initiated upstream of ORF1 at position A-68 (data not shown). This start point agrees with the sequence data and Northern blot analysis, suggesting the presence of a putative promoter element upstream of ORFi (Fig. 2) .
Mutagenesis of ORF1. To investigate if the putative gene product ORFi affects the expression or secretion of YpkA, we constructed a nonpolar deletion mutant of ORF1 (Fig. 1) , YPIH(pIB46). In this mutant, 156 bp had been deleted from the central part of ORFi (Fig. 2) . When secreted proteins of this mutant were analyzed, no difference could be detected compared with the wild type. This finding showed that ORF1 has no influence on the expression and/or secretion of either YpkA or YopJ. However, we cannot exclude the possibility that ORFi is not translated and that ORFi instead constitutes an unusually long mRNA leader sequence, as was shown for the yadA transcriptional unit (28 A possible gene product of ORF1 could be suggested from the DNA sequence. ORF1 starts with a GTG codon as a putative start codon, and no obvious Shine-Dalgarno sequence could be identified (Fig. 2) . When the ORF1 mutant strain YPIII(pIB46) was tested, it was found to be fully virulent. This observation also excluded the putative protein product or the DNA region of ORF1 as being necessary for virulence as well as being important for regulation of Yop expression in vivo. In addition, the ORF1 mutant strain YPIII(pIB46) expressed and secreted the same amounts of YpkA, YopJ, and other Yop proteins in vitro as the wild-type strain. On the basis of these findings, we propose that this ORF is not translated and that the sequence could therefore be transcribed to generate an unusually long mRNA leader sequence for the ypkA-containing operon.
In conclusion, we have characterized the structure of the ypkA-containing operon, which provides the necessary platform for exploring the role of YpkA in the virulence of Yersinia spp. Such experiments are being carried out in our laboratory.
